Abstract
Introduction

47
In both males and females of most species, production of gametes is a developmental process 48 that spans embryonic, fetal, and postnatal life and is essential for the transfer of genetic 49 information to the progeny 1 . Germline lineage specification, expansion of the gamete precursors 50 (PGCs), meiosis, and terminal differentiation into functional gametes are all elaborate processes 51 that require extensive regulation of gene expression 1, 2 . Together with unique transcriptional and 52 epigenetic mechanisms, regulation of translation plays a critical role in differentiation of these 53 germ cells 3, 4, 5 . 54
In a mature mRNA, several domains play a critical role in the regulation of translational efficiency 55 and stability 6 . These include the CAP region of the mRNA, the 5' and 3' UTR, and the poly(A) tail 6, 56 7, 8 . Translation of an mRNA is modulated through the interaction of numerous proteins with these 57 domains of a mRNA. Indeed the assembly of ribonucleoprotein (RNPs) modulates every aspect 58 of mRNA translation and stability. A subgroup of RNA-binding protein (RBPs) interacts with the 59 3'UTR of an mRNA. These RBPs participate in the formation of RNPs that are critical for the 60 control of translational efficiency, stability and localization of the mRNAs 9 . These properties place 61 these RBPs in a critical role in the control of protein synthesis. Among the several RBPs uniquely 62 expressed in the germ line is the family of the Daz RNA-binding proteins 10, 11 . DAZ, DAZL and 63 BOULE are germ-cell specific RBPs essential for gametogenesis from worms to humans 11 . 64 DAZL KO prevents differentiation of PGCs 10, 12, 13 . It has been proposed that DAZL functions as a 65 translational activator by recruiting poly(A) binding proteins, which in turn promotes and stabilize 66 interaction with the cap of mRNA, a loop conformation thought to promote stability and 67 translational efficiency 14 . However, additional studies in PGCs suggest a repressive function for 68 this RBP in the control of zebrafish embryogenesis and in the mouse 15, 16 . Moreover, depletion of 69 DAZL during spermatogenesis has been associated with mRNA destabilization 17 .
70
We have previously reported that acute depletion of DAZL from fully grown mouse oocytes using 71 morpholino oligonucleotides causes disruption of the progression through meiosis 18, 19 . Here we 72 have used this in vitro model to define the pattern of translation dependent on the function of this 73 RBP. We find that DAZL depletion causes both increases and decreases in translational efficiency 74 of a wide range of transcripts expressed in the oocyte and these effects are reversible and 75 recapitulated by regulation of reporter translation of candidate DAZL targets. 
Results
78
DAZL is expressed in fully grown oocytes and is depleted upon inhibition of DAZL
79
mRNA translation 80 We have reported that DAZL protein is detectable in fully grown GV-arrested oocytes with protein 81 levels increasing further up to MII 18 . This finding is at odd with data of others where DAZL protein 82 was only borderline detectable or could not be detected 20, 21 . Here, we have re-evaluated the 83 expression of DAZL during oocyte maturation using a newly developed monoclonal DAZL 84
antibody (see 'Materials and Methods') . Western blot analysis of extracts from oocytes at different 85 stages of maturation (0, 2, 4, 6, 8hrs) reveals an immunoreactive polypeptide with mobility 86 corresponding to that of DAZL (37 kDa) in GV oocytes, and a three-to-fourfold increase in protein 87 levels up to 8 hrs of in vitro maturation (MI) ( injected with a scrambled (Con-MO) or DAZL targeting morpholino (DAZL-MO) respectively, to 97 maximize DAZL protein removal. Blockage of Dazl mRNA translation by this specific MO markedly 98 reduces (94.235% decrease +/-0.025, Mean +/-SEM, N=3) the endogenous DAZL protein 99 expression compared to a CON-MO (Fig.1b) . To further assess the effectiveness and specificity 100 of the treatment, we used RiboTag IP/qPCR to evaluate the MO effect on ribosome loading onto 101 endogenous mRNAs during the transition from germinal vesicle stage (GV) to Meiosis I stage 102 (MI). We observe a significant decrease in ribosome recruitment onto the Dazl mRNA, confirming 103 the effectiveness of the MO in blocking initiation of translation, with consequent depletion of the 104 protein from oocytes (Fig. 1c) . TEX19.1 is an established target of DAZL 19 . We show that the 105
Tex19.1 mRNA loading on ribosomes is significantly decreased after injection of DAZL-MO at the 106 MI stage (Fig. 1d) . Conversely, knockdown of DAZL had no effect on ribosome loading onto the 107 non-target CcnB1 (Fig. 1e) , which is again consistent with our previous report 18, 19 . No detectable 108 effect on total transcript levels was detected under these conditions. Confirming what previously 109 5 reported by us, DAZL depletion disrupts oocyte maturation to MII (see below). Further control 110 experiments where immunoprecipitation was performed with WT rather than RiboTag mice yield 111 only background signal, confirming the specificity of the RiboTag immunoprecipitation 112 (Supplementary Fig.1d ). These pilot experiments document that DAZL knockdown specifically 113 disrupts DAZL target loading onto ribosomes with high selectivity since it does not affect the 114 translation of CcnB1, an mRNA that does not interact with DAZL. Additionally, they confirm that 115
RiboTag IP in oocytes depleted of DAZL is an effective strategy to assess the role of this RBP in 116 endogenous maternal mRNA translation. 117
Ribosome loading onto maternal mRNAs is disrupted in oocytes depleted of DAZL
118
For a genome-wide analysis of the effect of DAZL depletion on translation of oocyte endogenous 119 mRNAs, GV oocytes from RiboTag fl/fl : Zp3-CRE, Dazl +/+ or Dazl +/-mice were injected with Con-120 MO or DAZL-MO. After overnight recovery, oocytes were collected at 0 hr (GV) or cultured in 121 inhibitor-free medium to mature for up to 6 hrs (MI). Although the changes in translation would be 122 more pronounced if measured in fully matured MII oocytes, this short maturation time was 123 selected to monitor early effects of DAZL depletion, thus, avoiding the potential confounding 124 effects of the blockage of maturation to MII, and a potential decrease in oocyte viability. When we 125 compare total mRNAs from CON-MO and DAZL-MO in GV-arrested oocytes (overnight incubation 126 in PDE inhibitors), few differences are detected (Fig. 2a) . Also comparison of ribosome loading in 127 the CON-MO at 0 hr and 6 hrs shows changes in ribosome loading qualitative similar to those 128 reported previously with polysome array or other RiboTag IP/RNASeq data sets with non injected 129 oocytes ( Supplementary Fig. 2a) . However, when we compare RiboTag IP/RNASeq in the 6 hrs 130 DAZL-MO versus 6hrs CON-MO group, we observe complex changes in maternal mRNA 131 ribosome loading (Fig. 2b) . Ribosome loading onto the majority of transcripts present in the oocyte 132 is not significantly affected by the DAZL depletion (grey dots in Fig. 2b ). However, we detect a 133 decrease in ribosome loading onto a group of transcripts (blue dots in Fig. 2b , 551 transcripts, 134 FDR < 0.05), a finding consistent with the theory that DAZL functions as a translational activator. 135 Surprisingly, we also identify a group of transcripts whose translation increases (red dots in Fig.  136 2b, 170 transcripts, FDR < 0.05) after DAZL removal. This latter finding indicates that directly or 137 indirectly DAZL has a role in repression of translation. As an example of the RNASeq data, 138 ribosome loading onto Tex19.1, Txnip, Akap10, and Nsf mRNAs at 0 hr and 6 hrs of maturation 139 are reported in Fig. 2d , 2e. These mRNAs are significantly immunoprecipitated by DAZL antibody 140 as shown in our DAZL RIP-Chip dataset (Fig. 2c) . We found no clear pattern in the changes in 141 total mRNA levels after DAZL depletion (Fig. 2d) . RiboTag IP/RNA-Seq shows an increase in 142 6 ribosome loading (HA immunoprecipitation) for transcripts Tex19.1 and Txnip during maturation 143 in CON-MO injected oocytes, whereas the recruitment is blunted after DAZL KD in MI stage (Fig.  144 2e). Conversely, ribosome loading onto Akap10 and Nsf mRNAs is increased after DAZL 145 depletion (Fig. 2e) . These data provide an initial indication that that DAZL functions not only a 146 translational activator, but also a translational repressor during the GV-to-MI transition. Given the 147 fact that no significant differences in total mRNA were detected between the CON-MO and DAZL-148 MO groups, calculation of the translational efficiency (HA-IP:input ratio) shows the same trend 149 (Supplementary Fig. 2b) . 150
The dual effect of DAZL depletion is confirmed by RiboTag IP/qPCR
151
To confirm the opposing effect of DAZL depletion on translation, we performed RiboTag IP/qPCR 152 with independent biological samples to monitor the recruitment of representative transcripts to the 153 ribosome/translation pool. GV stage oocytes from wild type or DAZL Heterozygous mice were 154 injected with control or DAZL MO. After overnight preincubation with 2 µM milrinone, oocytes were 155 cultured in inhibitor-free medium. Oocytes were collected at 6 hrs for RiboTag IP /qPCR analysis. 156
This RNA quantification confirms that the overall transcripts levels (input of RiboTag IP/qPCR) 157 are not affected, including transcripts coding for Dazl, Tex19.1, Txnip, Rad51C, Btg4, Ero1, 158 Oosp1, Obox5, Ireb2, and Tcl1 ( Supplementary Fig. 3a) . However, RiboTag IP/qPCR shows a 159 decrease translation for several candiates after DAZL removal, similar to that observed with the 160 RiboTag IP/RNASeq (Fig. 3a, c) . Dppa3 and CcnB1 are used as negative control, as they are not 161 regulated by DAZL during oocyte maturation 18, 19 . Conversely, translation of transcripts coding 162 for Akap10, Cenpe, Nsf, Ywhaz, Nin, and YTHDF3 is upregulated after DAZL removal (Fig. 3b,  163 d), while the overall transcripts levels are not changed ( Supplementary Fig. 3b) Supplementary Fig. 4 Txnip, Rad51C, Btg4, Ero1lb, Ireb2, and Tcl1b (Fig. 4B, red) , whose translation is 192 downregulated by DAZL removal, and transcripts of Akap10, Nsf, Ywhaz, Nin, and YTHDF3, 193 whose translation is upregulated by DAZL removal (Fig. 4b, blue) , are all specifically 194 immunoprecipitated by DAZL antibody (Fig. 4b) . However, Cenpe, a transcript whose translation 195 is upregulated by DAZL removal, could not be immunoprecipitated by the DAZL antibody, 196 suggesting that DAZL may also act as a translational repressor through an indirect pathway. at least 50% decrease in translation in Oosp1 and Obox5 reporter during oocyte maturaion ( Fig.  217 5a, c). We further assessed the rates of translation during oocyte maturation of the two reporters 218 by fitting the YFP/mCherry data during GV (0-2 hrs) and after GVBD (4-8 hrs) (Fig. 5b, d ). We 219 found a significantly decrease of Oosp1 (p<0.0001) and Obox5 (p<0.0001) translation rates in 220 DAZL MO injected oocytes ( To confirm that the depletion of DAZL protein with the specific MO is the sole cause of the 227 decreased translation of the reporter, we performed the following rescue experiment. A human 228 recombinant DAZL protein was injected together with the DAZL MO and the Oosp1 reporter. As 229 observed above, DAZL depletion causes a decrease in the rate of translation of the Oosp1 230 reporter. This decrease is completely rescued when the recombinant DAZL protein is coinjected 231 with the DAZL MO (Fig. 6a, b) . The rescue effect of the DAZL protein was not limited to the 232 translation efficiency. As previously reported, DAZL depletion on a het background almost 233 completely prevents oocyte maturation to MII (Control MO 69.7 % vs DAZL MO:7%). Conversely, 234 when the DAZL MO is co-injected with a recombinant DAZL protein, oocytes complete maturation 235 to MII at a rate (63%) similar to control injected oocytes (Fig. 6c ). Taken together with the RiboTag 236 IP / RNA-Seq and qPCR data (Fig. 2, Fig. 3 ), the reporter measurements further support the 237 conclusion that the DAZL protein plays a role in the translational activation of these two target 238 9 mRNAs, that their 3'UTR mediates the effect of this RBP on translation, and that DAZL depletion 239 is the cause of decreased translation. 240
DAZL depletion increases the translation of Oosp1 and Obox5 mRNAs in GV-
arrested oocytes
242
In the above experiments on reporter translation, we consistently observed that translation of both 243 reporters during the first two hours of incubation, when the oocytes are still GV-arrested, is 244 significantly increased in the DAZL-MO injected group (Oosp1: p < 0.0001 and Obox5 p = 0.0007) 245 (Fig. 7b, d ). To verify this apparent de-repression in DAZL-depleted, quiescent oocytes, we 246 reanalyzed the RiboTag IP/RNASeq data sets. We found that ribosome loading on both Obox5 247 and Oosp1 during GV-arrested is also increased in this dataset ( Supplementary Fig. 6 ). To 248 remove any possible bias due to variation in the total mRNA, we next calculated the translational 249 efficiency (TE) of these two transcripts after DAZL depletion. Indeed, the TEs for Oosp1 and 250
Obox5 are significantly increased in GV oocytes depleted of DAZL (Fig. 7a, b) , whereas the 251 CcnB1 translation is not affected ( Obox5 transcripts are affected by DAZL MO injection during GV to MI transition. To test whether 260 this effect is due to binding of DAZL to these target mRNAs, we mutated the consensus putative 261
DAZL-binding sites (UU[G/C]UU) by replacing critical nucleotides with adenosine in Oosp1 3'UTR 262
or Obox5 3'UTR. We have previously shown that this mutations disrupts DAZL binding 19, 26 . A 263 schematic representation of Oosp1 and Obox5 3'UTR with mutant DAZL binding sequence is 264 reported in Fig. 8a . When YFP reporter tagged with mutant Oosp1 3'UTR or Obox5 3'UTR YFP 265 reporters were injected in oocytes and their rate of translation were monitored during maturation, 266 mutation of a single DAZL-binding site in either Oosp1 or Obox5 3'UTR is sufficient to significantly 267 decrease the rate of reporter accumulation (Fig. 8c, d , f, g) during meiotic resumption. Of note, 268 mutation of DAZL binding site of Oosp1 (Fig. 8b) or Obox5 (Fig. 8e) (Fig. 7a, c) , confirming that DAZL functions as translational repressor also in GV-275 arrested oocyte. 276
Discussion
277
With the experiments described above, we provide evidence that the RNA-binding protein DAZL 278 plays a function in fully-grown oocytes by shaping the pattern of maternal mRNA translation at 279 this critical transition of gametogenesis. Our data document that DAZL has both inhibitory, and 280 stimulatory, effects on translation in quiescent oocytes as well as during meiotic resumption. This 281 dual function parallels that of CPEB1, which is considered to be the master regulator of translation 282 in oocytes, and reinforces the concept that DAZL cooperates with CPEB to repress and active 283 translation of maternal mRNAs. Given the finding that DAZL-MO treatment prevents progression 284 through meiosis, it is proposed that the DAZL function is essential for oocyte maturation. 
11
The specificity of this treatment is supported by the data showing that ribosome loading onto the 303 mRNAs for CcnB1, Dppa3 and Gdf9 is not affected. At the transcriptome level, the overnight 304 incubation to deplete the DAZL-MO injected oocytes has minimal effect on total transcript levels, 305 arguing against a generalized disruption of the oocyte viability. All these findings increase 306
confidence that the KD of DAZL is effective in depleting the oocytes of the DAZL protein and that 307 its effect is specific. 308
The analysis of the translatome in DAZL-depleted oocytes indicates that approximately 800 309 maternal mRNAs show altered on the level of ribosome loading. Together with the DAZL RIP-310
Chip data, this analysis confirms the presence of a large number of maternal mRNA targets for 311 this RBP. Tex19.1, Txnip, Rad51C, Btg4, Oosp1, Obox5, Ireb2, andTcl1 are examples of the 312 more than 200 mRNAs regulated by DAZL on the basis of the decreased ribosome loading after 313 DAZL depletion and the observation that these mRNAs are immunoprecipitated by DAZL 314
antibodies. These findings confirm our and others previous observations that Tex19.1 mRNA is a 315 DAZL target 19, 27 . TEX19.1 protein accumulates during oocyte maturation and data in the testis 316 indicate that this protein may be involved in the regulation of transposon expression 28, 29, 30 . 317
Similarly, DAZL regulation of Btg4 mRNA translation has been reported by others 31, 32, 33 . In both 318 mouse and human, Btg4 transcripts are highly enriched in the ovary and testis. A consequence 319 of the absence of BTG4 is a global delay in maternal mRNA degradation during the MZT 31, 32, 33, 320 34 . Given the involvement of BTG4 in mRNA destabilization, one would expect that DAZL depletion 321 would induce mRNA stabilization by preventing Btg4 accumulation. However in our experimental 322 paradigm, DAZL depletion and consequent decreases in BTG4 accumulation at 6 hrs are 323
probably not sufficient to produce detectable effect on mRNA stabilization. mRNA destabilization 324 is detected at 8 hrs of oocyte maturation (data not shown). Finally, it should be noted that 325 ribosome loading onto all the above listed mRNAs increases during oocyte maturation and most 326 of the mRNAs also contain at least one putative CPE element in the 3'UTR. Thus, one function 327 of DAZL is likely to increase the translation of these mRNA during maturation, a function likely 328 synergistic with that of CPEB, as we have described for Tex19.1
. This conclusion is supported 329
by the reporter translation of YFP-Oosp1 and YFP-Obox5. Similarly, the data with the YFP-330
CenpE reporter ( Supplementary Fig. 8) Supplementary Fig. 4 ). The limited overlap between the transcripts recombined in the 346 RIP and in the RiboTag IP/RNASeq is in part due to the differences in annotation of the two 347 platforms (300 genes not shared) or to the different filtering of the data. Our numbers are also 348 considerably lower than those reported by Zagore et al. using HITS-CLIP with testis extracts 17 .
349
This latter difference may be due to the fact that we did not use crosslinking for our experiment 350 but also to the fact that very low amounts of cell protein is available from the oocyte. Thus, the 351 affinity of the antibody for DAZL becomes limiting. Similar to the finding of Zagore et al.
17
, we find 352 that about 200 mRNAs that bind DAZL are not affected by DAZL depletion. This discrepancy 353 again can be due to filtering of the data and the cutoffs imposed. Also, we should point out that in 354 our experimental paradigm, we are measuring acute effects of DAZL depletion and if longer 355 incubation times are used the number of mRNAs affected would increase substantially. 356 A previous report in the testis proposes that DAZL is involved in mRNA stabilization 17, 36, 37, 38 . 357
Therefore it is possible that DAZL depletion affects translation indirectly by destabilizing mRNAs. 358
However, overnight depletion of DAZL has minimal effects on the oocyte transcriptome, lessening 359 the possibility of destabilizing effects on maternal mRNAs. Moreover, all the data of the 360 candidates we more thoroughly investigated are inconsistent with the destabilization hypothesis, 361 as we cannot detect a decrease in total mRNA. Therefore, the decreased translation for these 362 candidate DAZL targets is not due to destabilization of these mRNAs. Moreover, many of the 363 effects of DAZL depletion on translation continue to be present when the TE is calculated, 364
indicating that mRNA stabilization is not a factor in ribosome loading. However, the timeframe of 365 our experiments is considerably short and we cannot exclude that longer time causes of DAZL 366 depletion uncovers effects of DAZL depletion on mRNA stability. 367
13
Recently, it has been reported that DAZL is dispensable for oocyte maturation, but that instead 368 its overexpression has deleterious effects on oocyte developmental competence 20 . This 369 conclusion is based on the observation that DAZL protein is markedly decreased in adult ovary in 370 comparison with neonatal ovary; however, the variable ratio somatic:germ cells in the gonad 371 during development may account, at least in part, for these differences 20 . Our data on DAZL 372 protein expression detected with two distinct antibodies, the RIP-Chip data, and the translational 373 regulations described confirm the expression and increased accumulation of DAZL in the final 374 stages of oocyte development. Genetic manipulations also led to the conclusion that the absence 375 of DAZL does not produce overt phenotypes on oocyte maturation or fertility. The genetic 376 background used in these experiments is a mixed background (ICR and C57BL/6N) while we use 377 a pure C57 BL/6 background. It has been noted that the penetrance of the phenotypes associated 378
with Dazl gene ablation are sensitive to the mouse background used 12 . However, the view that a 379 DAZL needs to be expressed within a very narrow range of concentrations is consistent with our 380 findings that DAZL has a dual effect on translation, functioning both as a repressor and activator. 381 Therefore, it is possible that increased DAZL levels favors translational repression that would be 382 detrimental to developmental competence. Aside from the genetic background of the mice used, 383 not immediately evident is the explanation of why Dazl KO in neonatal oocytes produces no 384 detectable phenotype on fertility. Possible off-target effects of DAZL morpholinos are inconsistent 385 with the rescue experiments we have performed. In several cases, it has been observed that 386 morpholino oligonucleotide treatment is associated with induction of p53 39, 40 (tp53 or trp53) or 387 interferon response or toll like receptor 41 . Since transcription is repressed in GV oocytes, it is 388 unlikely that MO off-target effects include changes in transcription. However, we noticed that trp53 389 mRNA becomes associated with ribosome during oocyte maturation and is immunoprecipitated 390 with DAZL antibody. We could not detect clear effects of DAZL depletion on trp53 mRNA 391 translation. Another possible explanation of the divergent observations is that the oocyte does not 392 tolerate acute depletion of DAZL, while it has time to adjust to loss of DAZL during the follicle 393 growth phase that starts in the neonate ovary. Genetic compensation has been shown to be at 394 the basis of differences in phenotypes produced by mutations but not knockdowns . During maturation, the complex is dissociated leading to translational 403 activation. Thus, one could envisage that DAZL is part of a repressive complex in mouse GV-404 arrested oocytes and contributes to an activating complex in MI stage oocytes. This scenario is 405 reminiscent of the CPEB1 mode of action 8, 44 . We have observed that the DAZL protein shifts in 406 mobility on SDS/PAGE during oocyte maturation, suggesting that the protein becomes post-407 translationally modified during maturation. Finally, it should be considered that the concentration 408 of DAZL protein increases up to six fold during oocyte maturation. Thus, it may be possible that 409 low loading on an mRNA is sufficient to repress translation, whereas loading of multiple DAZL 410 proteins on a mRNA leads to activation of translation. Indeed, we and others have proposed that 411 the number of loaded DAZL synergizes in activation of translation 14, 18 . 412 
Materials and Methods
421
Experimental animals 422
All experimental procedures involving animal models used were approved by the Institutional 423
Animal Care and Use Committee of the University of California at San Francisco (protocol 424 AN101432). Pure C57BL/6 female mice (21-24 days old) carrying the DAZL TM1
Hgu allele (ΔDAZL) 425 were generated as previously described 18, 19 . Rpl22tm1.1Psam/J (RiboTag) mice, with a targeted 426 mutation that provides conditional expression of the ribosomal protein L22 tagged with three 427 copies of the HA epitope. Rpl22tm1.1Psam/J homozygous males were crossed with C57BL/6-428 TgN (Zp3-cre) 82Knw (Jackson Laboratories) females to produce C57BL/6-Zp3cre-429
Rpl22tm1.1Psam (Zp3cre-RiboTag) mice. For breeding Zp3RiboTagDazl +/+ or Zp3RiboTagDazl +/-15 , C57BL/6-Zp3cre-RiboTag wild type or homozygous males were crossed with C57BL/6-RiboTag 431 wild type or heterozygous ΔDAZL females to obtain C57BL/6-ΔDAZL-ZP3cre-RiboTag mice. 432
Oocyte collection and microinjection
433
Oocyte isolation and microinjection were performed using HEPES modified minimum essential 434 medium Eagle (Sigma-Aldrich, M2645) supplemented with 0.23 mM pyruvate, 75 µg/mL penicillin, 435 10 µg/mL streptomycin sulfate, and 3mg/mL BSA, and buffered with 26 mM sodium bicarbonate. 436
To prevent meiosis resumption, 2 µM cilostamide (Calbiochem, 231085) was added in the 437 isolation medium. Oocyte in vitro maturation was performed using Eagle's minimum essential 438 medium with Earle's salts (Gibco, 12561-056) supplemented with 0.23 mM sodium pyruvate, 1% 439 streptomycin sulfate and penicillin, and 3mg/mL bovine serum albumin (BSA). For microinjection, 440 cumulus cells were removed by mouth pipette from isolated cumulus oocyte complexes (COCs) 441 and denuded oocyte were injected with 5-10 pL of 12.5 ng/µL mRNA reporter using a FemtoJet 442
Express programmable microinjector with an Automated Inverted Microscope System (Leica, 443 DM4000B). After washing and pre-incubating overnight in α-MEM medium supplemented with 2 444 µM cilostamide, oocytes were released in inhibitor-free medium for in vitro maturation at 37 °C 445 under 5% CO2. 
RiboTag IP RNASeq 456
Oocytes from RiboTag wild type and Dazl +/-mice were collected as described above. Oocytes injected with Con-MO and DAZL-MO were precinubated overnight in the presence of 2 463 uM milrinone and the following morning transferred to maturation medium and incubated for 6 464 hrs. At the end of the incubation, only oocytes that had undergone GVBD were collected in 5 µl 465 0.1% polyvinylpyrrolidone (PVP) in PBS, flash frozen in liquid nitrogen, and stored at -80°C. In 466 parallel, GV oocytes were kept in milrinone, then harvested and processed together with the MI 467 oocytes. A total of 2000 oocytes (0 hr and 6 hrs with either CON-MO or DAZL-MO injection) were 468 injected and cultured for the duplicate determination of the effect of DAZL depletion on ribosome 469 loading of endogenous mRNAs. On the day when the RiboTag IP was performed, oocytes were 470 thawed, lysed and an aliquot of the oocyte extract was saved and stored to measure total 471 transcript levels before the IP. RiboTag IP was performed as described in the section on 472
Immunoprecipitation. After IP, all samples were used for RNA extraction using the RNeasy Plus 473
Micro kit (Qiagen, 74034). The quality of the extracted RNA was monitored with Bioanalyzer chips 474 (Agilent). RNA samples were transferred to the Gladstone Institutes Genomics Core for cDNA 475 library preparation using the Ovarion RNA-Seq System V2 (NuGen). Samples were sequenced 476 using the HiSeq400 platform. 477
Real-time qPCR 478
Real-time qPCR was performed using Power SYBR PCR master mix with ABI 7900 Real-Time 479 PCR system (Applied Biosystems). All oligonucleotide primers used in this project were designed 480 against two exons flanking an intron to avoid amplification of genomic DNA (Supplementary Table  481 1). The specificity of each pair of primers was verified by using a unique dissociation curve, 482 performed at the end of the amplification. Data was normalized to its corresponding input and IgG 483 in RiboTag/qPCR for HA and DAZL antibody and expressed as the fold-enrichment of 2 −ΔΔCt . 484
Western Blotting
485
Oocytes were lysed in 10µl 2x Lammli buffer (Bio-Rad) supplemented with mercaptoethanol, and 486 a cocktail of phosphatase and protease inhibitors (Roche). The oocyte lysates were boiled for 5 487 mins at 95 °C and then transferred to an ice slurry, then separated on 10% polyacrylamide gels 488 and transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in 5% 489 milk for 1 hr at room temperature and incubated with primary DAZL antibody (ab215718, Abcam, 490 1:1000) overnight at 4 °C. An antibody against α-tubulin (T6074, Sigma-Aldrich; 1:1000) was used 491 
Immunoprecipitation
508
RiboTag IP or DAZL RIP analysis was performed as described previously 18, 19 . Briefly, GV-509 arrested or MI oocytes (200 oocytes/sample) were washed and collected in RNase-free PBS with 510 1% polyvinylpyrrolidone. After lysis in 300 µl of supplemented homogenization buffer S-HB; 50 511 mM Tris-HCl pH 7.4, 100 mM KCl, 12 mM MgCl2, 1% NP-40, 1 mM dithiothreitol, protease 512 inhibitors, 40 U RNAseOUT, 100 μg/ml cycloheximide and 1 mg/ml heparin (Sigma-Aldrich, 513
H3393)]., samples were centrifuged at 12,000 g for 10 mins and supernatants were precleared 514 with prewashed Protein G magnetic Dynabeads (Invitrogen, 10007D) for 30 min at 4°C. 15µl of 515 precleared lysates was aliquot for input (total transcripts) and stored at -80°C for mRNA extraction 516 in next day. The remain precleared lysates were incubated with specific antibody (anti-HA 517 antibody, anti-DAZL antibody) or its corresponding IgG (mouse IgG, ab37355; rabbit IgG, 518 ab37415; Abcam) 4 hrs at 4°C on a rotor. Then pre-washed Protein G magnetic Dynabeads were 519 added in the lysates for overnight incubation at 4°C on a rotator. The following day, bead pellets 520 were washed three times in 500 µl homogenization buffer (HB) on a rotor at 4°C for 10 min. Two 521 more washes were performed with 1M urea/high-salt buffer for 10 min each. RNA eluted from 522 beads was either HA-tagged ribosome associated transcripts or IgG (no-specific binding 523 transcripts), together with input for extraction. In some experiments, the specificity of the 524 immunoprecipitation was determined by using WT rather than RiboTag mice. RNA was purified 525 with RNeasy Plus Micro kit (Qiagen, 74034) according to manufacturer's instructions and directly 526 used for RNA-Seq analysis or reverse transcription for qPCR analysis. cDNA was prepared using 527
SuperScript III First-Strand Synthesis system (Invitrogen, 18080-051) with random hexamer 528 oligonucleotide primers. cDNA samples were stored -80°C for following experiments. 529
For the RiboTag/qPCR analysis, Ccnb1, Dppa3 and Gdf9 (transcripts not regulated by DAZL as 530 previous reported 18, 19 ), were used to normalize the qPCR data. Zp3 contains no recognizable 531 DAZL-binding element and was used as negative controls for DAZL immunoprecipitation. The 532 data are reported as fold enrichment, with IgG values set to 1. 533
Reporter mRNA preparation and reporter assay
534
The Oosp1, Obox5, CenpE and Ccnb1 3'UTR sequences were obtained by sequencing oocyte 535 cDNA and cloned downstream of the YPet coding sequence. An oligo (A) stretch of 20A was 536 added in each construct. All constructs were prepared in the pcDNA 3.1 vector containing a T7 537 promoter, allowing for in vitro transcription to synthesize mRNAs, and fidelity was confirmed by 538 DNA sequencing. mRNA reporters were transcribed in vitro to synthesize mRNAs with 539 mMESSAGE mMACHINE T7 Transcription Kit (Ambion, AM1344); polyadenylation of mCherry 540 was obtained using Poly(A) Tailing Kit (Ambion, AM1350). All the messages were purified using 541
MEGAclear Kit (Ambion, AM1908). mRNA concentrations were measured by NanoDrop and its 542 integrity was evaluated by electrophoresis. 543
Time-lapse recordings were performed using a Nikon Eclipse T2000-E equipped with mobile 544 stage and environmental chamber of 37°C and 5% CO2. YFP-Oosp1, YFP-Obox5, YFP-Cenpe 545 or YFP-CcnB1 were injected at 12.5 ng/µL with either CON-MO or DAZL-MO. Each YFP-3'UTR 546 reporters we also co-injected with polyadenylated mCherry at 12.5 µg/µL in oocyte. After injection, 547 oocytes were pre-incubated overnight in α-MEM medium supplemented with 2 µM cilostamide to 548 allow expression of the reporters. mCherry signals did not change significantly in oocytes at 549 different stages of maturation. Ratios of YFP reporter and the level of mCherry signal measured 550 at plateau in each oocyte were calculated. In those cases where DAZL ablation had an effect in 551 GV oocytes, the data were normalized to the signal of GV stage accumulation of corresponding 552
proteins. Rate of translation associate with reentering into cell cycle (after GVBD versus before 553 . DNA-Chip Analyzer (dChip) was used for normalization and to 564 quantify microarray signals with default analysis parameters. Comparison between samples was 565 performed using dChip with a fold change of 1.5, FDR < 5%, and P < 0.05. 566
Statistical analysis 567
Statistical analysis was performed using the GraphPad Prism8 package. The statistical analysis 568 performed depended on specific experiment and is reported in the figure legend. For comparison 569 between two groups, two-tailed paired t-test was used. Statistical significances is denoted by 570 asterisk in each graph. The quality check of RNA-Seq reads was performed using FastQC and 571 reads were then trimmed with Trimmomatic. Alignment of the reads to the mouse genome was 572 performed by Hisat2, .bam files were sorted and indexed using Samtools, and count files were 573 generated by HTSeq. TMM normalization and the remaining RNA-Seq statistical analyses were 574 done through edgeR and other Bioconductor scripts. 575
Acknowledgements
576
We wish to thank Dr. Matthew Cook for the help in the RIP-Chip experiments. We thank Dr. 
